Venous occlusion plethysmography is commonly used as a tool to assess BF (blood flow) and VR (vascular resistance) at baseline and during PORH (post-occlusive reactive hyperaemia). However, little is known about the reproducibility of this method. The purpose of the present study was to investigate short-(hours) and medium (week)-term reproducibility of forearm, calf and thigh BF and VR at baseline and during PORH. Reproducibility was assessed by the CV (coefficient of variation). In eight subjects, baseline BF and VR of the forearm, calf and thigh were measured using venous occlusion plethysmography (50 mmHg). PORH and minimal VR were measured after 13 min of arterial occlusion (220 mmHg). Reproducibility of baseline forearm and calf BF was acceptable and in agreement with previous studies (CV, 12.9-21.2 %). Short-and medium-term reproducibility of thigh BF was good (CV, 5.9 % and 8.7 % respectively). Baseline VR showed acceptable-togood reproducibility for forearm, calf and thigh (8.3-22.5 %). Forearm PORH showed a CV of 6.1 % (short term) and 8.6 % (medium term); this was 6.1 % (short term) and 6.4 % (medium term) for the calf and 6.4 % (short term) and 8.0 % (medium term) for the thigh. Minimal VR showed good-to-acceptable reproducibility (CV, 6.1-11.7 %). In conclusion, forearm, calf and thigh BF and PORH measured by plethysmography have an acceptable-to-good short-and mediumterm reproducibility. Short-and medium-term reproducibility of forearm and calf baseline BF are acceptable and thigh baseline BF has a good short-and medium-term reproducibility. Therefore plethysmography is a suitable low-cost tool to assess thigh baseline BF and PORH.
INTRODUCTION
Venous occlusion strain-gauge plethysmography is a valuable non-invasive, practical and low-cost tool to assess BF (blood flow) in forearm, calf and thigh. Good reproducibility of a technique is a prerequisite for the interpretation of studies using these techniques and even more so for studies with repeated measurements, such as training or intervention studies. Previous studies demonstrated a reasonable reproducibility of baseline calf and forearm BF for short-(hours) and medium-(week) term reproducibility [1] [2] [3] [4] (Table 1) . Since BF critically depends on arterial pressure, VR (vascular resistance) can provide more information than BF alone. Moreover, reproducibility of VR may be better, because this parameter takes into account between-day blood pressure changes. Only one study [5] has assessed the reproducibility of forearm VR and found CVs (coefficients of variation) of 27 and 29 % in right and left forearm respectively. Roberts et al. [3] 10.5 † 11.5 † Walker et al. [4] 16-19 † Petrie et al. [5] 39-31 † Rubba et al. [24] 17.2 * 19.9 *
† 23.2 †
The thigh muscles represent a large part of the total muscle mass, and thigh arterial BF is regularly investigated in training studies such as cycling, running or rowing. In most studies, not thigh but total leg BF is assessed by Doppler echocardiography of the common femoral artery [6] [7] [8] [9] [10] . Venous occlusion plethysmography, however, is a low cost and easily applicable tool to specifically assess baseline thigh BF [11] [12] [13] [14] [15] . Despite the accuracy of strain-gauge plethysmography to measure forearm and calf BF, the thigh represents a different vascular bed and no studies exist on the short-and mediumterm reproducibility of plethysmography of the thigh.
Venous occlusion plethysmography can also be used to measure PORH (post-occlusive reactive hyperaemia) [1, [16] [17] [18] [19] . PORH refers to the phenomenon of increased BF that follows relief of ischaemia and is a result of dilation of resistance vessels. This vasodilation has been attributed to myogenic relaxation of the vessels [20] and local release of mediators and metabolites such as adenosine [21] , prostaglandins and nitric oxide [1, 22] . Measuring PORH is frequently used to evaluate structural changes in the circulation [23] . In previous studies, mainly short-term reproducibility (hours or 1 day) of maximal BF was assessed. Short-term reproducibility was 7.1-19.9 % for the calf [2, 24] and 8.2-24.9 % for the forearm [1, 2] (Table 1) . Despite the frequent use of forearm PORH to assess circulatory adaptations over time [25] [26] [27] [28] , no data are published on the medium-term reproducibility of the forearm PORH. In addition, thigh PORH has not been investigated previously, and data on calf PORH are very limited. Only one study assessed calf PORH and showed a poor medium-term reproducibility of 23.3 % [24] .
Therefore the purpose of the present study was to assess short-and medium-term reproducibility of the baseline BF and PORH, as well as of the vascular resistance, in the thigh, forearm and calf of healthy young male individuals. Subjects were measured at day one (twice) and approx. 7 days later.
MATERIALS AND METHODS

Subjects
Eight healthy male subjects (age, 26.6 + − 3.2 years; height, 183 + − 4 cm; weight, 83.6 + − 9.5 kg) volunteered to participate in the present study. Each subject signed a written informed consent. The research has been carried out in accordance with the Declaration of Helsinki (2000), and the Ethics Committee of the Radboud University Nijmegen Medical Centre approved the study.
Design
All subjects were tested on two separate days. On day 1, the protocol was performed twice with a time interval of 3 h between both measurements to assess short-term reproducibility. In between the two measurements, subjects were allowed to walk and sit. The protocol was repeated 6-10 days later to assess medium-term reproducibility.
Measurements
Baseline BF and VR
Baseline skeletal muscle BF and VR were measured unilaterally (on the right side) for 5 min using venous occlusion plethysmography. The occlusion cuff was inflated to a cuff pressure of 50 mmHg within one heartbeat following triggering of the ECG [14] . This pressure was sustained for nine heart beats after which the cuff was deflated instantaneously (for ten heart beats).
BF and VR after ischaemia
After measurement of BF, PORH was assessed after 13 min of unilateral (right side) arterial occlusion with a suprasystolic cuff pressure of 220 mmHg. During the last minute of ischaemia, a dynamic exercise (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) hand contractions during the forearm measurement and foot peddling during the thigh and calf experiments) was added to ensure maximal dilatation [29, 30] . The initial BF during PORH was obtained within 10 s of releasing the arterial occlusion cuffs and the highest flow of the subsequent QRS-triggered BF measurements was accepted as the maximal BF and the minimal VR. Maximal flow has been shown previously [30] to occur within 30-45 s after cuff release.
Protocol
After a 12 h overnight fast, each experiment started at 08:30 hours. All subjects refrained from caffeine, nicotine, chocolate, vitamin C supplements and alcohol for at least 18 h before the test. Room temperature was controlled at 22.5 + − 1
• C. After completing a health questionnaire, subjects were positioned comfortably on a bed in a supine position with a slight elevation of the head. During an acclimatization period of at least 30 min supine rest, strain gauges and venous occlusion cuffs were positioned.
Figure 1 Schematic presentation of measurement protocol
During 'baseline', baseline BF and VR were measured. During PORH, the peak BF and minimal VR were assessed.
Forearm position
The experiment started with measurement of the forearm BF and reactive hyperaemia ( Figure 1 ). The right arm was positioned approx. 5 cm above the level of the heart. A standard blood pressure cuff (10 cm width) was placed around the right upper arm and was attached to a rapid cuff inflator (Hokanson, Bellevue, WA, U.S.A.). A mercury-in-silastic strain gauge (Hokanson) was placed at the widest girth of the forearm. The perpendicular distance to the elbow crease was recorded and carefully controlled throughout the experiment. At 1 min before and during the measurement of BF, the hand circulation was excluded by inflating a cuff (8 cm width) around the wrist to a suprasystolic pressure of 220 mmHg to minimize the contribution of hand skin BF [31] . After BF assessment, a 5 min rest period followed in order to allow BF to return to baseline after wrist cuff release, prior to the start of the period of arterial occlusion.
Thigh position
The experiment continued with registration of thigh baseline BF and PORH ( Figure 1 ). A 12 cm width cuff was placed proximally around the upper leg. Both legs were elevated and the lower legs rested on a platform 14 cm high. The strain gauges were placed at mid-thigh, at least 10 cm above the patella and at least 4 cm below the cuff to avoid displacement of the strain gauge during cuff inflation. The position of the strain gauge was carefully controlled during all three experiments.
Calf position
After a resting period of 30 min in order to restore leg BF to baseline level, the protocol was concluded with the measurements of calf baseline BF and PORH ( Figure 1 ). Both heels rested on a platform 20 cm high. The legs were supported at the level of the lateral thigh in order to relax the calf muscles. The strain gauges were applied to the widest girth of the right calf. This position was marked and was kept constant throughout the experiments.
Before each BF measurement and prior to cessation of the arterial occlusion cuff, blood pressure was measured twice at the left brachial artery using the standard auscultatory method. During testing, arterial blood pressure was measured continuously by a portable blood pressure device (Finapres; TNO, Amsterdam, The Netherlands) that was connected to the middle phalanx of the index or middle finger of the left hand. An electric thermometer (Genius ® ; Kendall Company, Mansfield, MA, U.S.A.) was used to measure surface skin temperature. Temperature was measured before each BF measurement at the forearm flexor muscles, the medial head of the quadriceps muscle and at the lateral gastrocnemius muscle.
Data analysis
Data were digitalized with a sample frequency of 100 Hz (MIDAC, Instrumentation Department, Radboud University Nijmegen Medical Centre, The Netherlands) and analysed by a customized computer program (Matlab; Mathworks, Natick, MA, U.S.A.). Arterial BF (in ml · min −1 · dl −1 ) was calculated from the slope of the volume change over an interval of 4 s. To avoid measuring during an artefact, the initial 2 s of the slopes in the thigh and 1 s in the forearm and calf measurements were excluded from analysis. Registrations with movement artefacts were excluded. Depending on the heart rate and exclusion of registrations with artefacts, the number of slopes was between 10 and 15 per measurement. Baseline VR was calculated as MAP (mean arterial pressure; in mmHg) divided by the relative arterial BF (in ml · min −1 · dl −1 ) and expressed in AU (arbitrary units of resistance). Finapres and auscultatory blood pressure MAP values were used to calculate VR. Reproducibility of the VR was calculated for both methods. The PORH (in ml · min −1 · dl −1 ) was calculated from the slope of the volume change over an interval of 1 s. To obtain the most accurate value, assessment started after the cuff inflation artefact (after 1.5 s in the thigh and after 0.5 s in the forearm and calf). The highest BF after release of arterial occlusion was accepted as the PORH, representing the maximal BF. Minimal VR after ischaemia was calculated from the highest BF and the corresponding MAP.
Statistical analysis
Short-(3 h) and medium-term (7 days) reproducibility of the baseline BF and VR and PORH was assessed by calculating the CV from two measurements. Before calculating the CV, a natural logarithmic transformation was applied to correct for heteroscedasticity of the data. The CV was calculated following the classical approach based on the pooled S.D., as described previously [32] . Briefly, the root mean square of the error term (square root of the error term of the adjusted mean squares) of an ANOVA was used to calculate the pooled variance (SPSS, Chicago, IL, U.S.A.). After log-transformation, the CV was calculated by √ [exp(var) − 1] × 100, where exp(var) is the exponent of the pooled variation. In addition, a 95 % CI (confidence interval) of the CV was calculated, based on the variation of the log-transformed data and the [33] . In addition, forearm, calf and thigh baseline BF was represented in Bland-Altman plots to show the distribution of the individual data. A paired Student's t test was used to assess changes in surface skin temperature. Data are presented as means + − S.D. For biological variables, a CV of < 10 % is considered good and < 20 % is acceptable [34] .
RESULTS
Skin temperature was constant during all experiments, except for a significantly higher forearm surface skin temperature during the second test on the first day 
Forearm
Short-and medium-term reproducibility of baseline forearm BF and baseline and minimal VR is shown in Table 2 . Baseline BF is also represented in a Bland-Altman plot in Figure 2 (A). Maximal forearm BF during PORH showed a reproducibility of 6.1 % (short term) and 8.6 % (medium term). Using the two highest BF values instead of the single highest value resulted in a CV of forearm PORH of 8.1 % and 6.6 % for short-and medium-term reproducibility respectively.
Calf
CVs for baseline calf BF and baseline and minimal VR reproducibility are shown in Table 2 . Baseline BF is also represented in a Bland-Altman plot in Figure 2(B) . Short-and medium-term reproducibility for calf BF during PORH showed CVs of 6.1 % and 6.4 % respectively. Short-and medium-term reproducibility of PORH in the calf using the two highest values resulted in CVs of 7.4 % and 7.3 % respectively. Table 2 shows the CVs for baseline thigh BF and baseline and minimal thigh VR for short-and medium-term
Thigh
Figure 2 Relative difference between responses for short-(᭹) and medium-(᭺) term in each individual subject for baseline BF in forearm (A), calf (B) and thigh (C)
reproducibility. Baseline BF is also represented in a Bland-Altman plot in Figure 2 (C). Thigh BF during PORH showed a CV of 6.4 % for short-term and 8.0 % for medium-term reproducibility, and 6.7 % and 10.6 % respectively, using the two highest values.
DISCUSSION
The major novel findings in the present study are as follows. First, thigh baseline BF has a good short-and medium-term reproducibility. Secondly, a good shortand medium-term reproducibility for PORH of the forearm, calf and thigh was observed. Thirdly, reproducibility of baseline and post-ischaemic VR was assessed and demonstrated to be acceptable-to-good when auscultatory MAP values were used.
Absolute values for baseline and peak calf and forearm BF obtained in the present study are in agreement with those reported in the literature using similar measuring techniques [1, 2, 24, 35, 36] . In addition, our values for baseline and post-ischaemic thigh BF are in the same range as the results presented in previous studies [13] [14] [15] . Values obtained in our study on short-and medium-term reproducibility for baseline forearm (16.9 and 21.2 % respectively) and calf BF (14.0 and 12.9 % respectively) correspond with those from previous studies ( Table 1) . Previous studies usually assessed total leg BF by Doppler echocardiography measurement of the common femoral artery and not thigh BF. Venous occlusion plethysmography specifically assesses BF in the thigh, but is used less often. However, the present study is the first to demonstrate a good reproducibility and may serve to advocate a more widespread use of plethysmography of the thigh. The small internal and biological variation of thigh BF indicates that plethysmography is a suitable and accurate method to measure baseline thigh BF and to assess alterations in thigh BF over time. Therefore measuring thigh BF is a suitable method to assess vascular adaptations over time to large muscle exercise (cycling or running) or deconditioning. However, it has to be kept in mind that arterial infusion in the thigh is more complex than in the forearm. Therefore measuring forearm BF is more feasible for intra-arterial infusion of drugs in pharmacological studies. In addition, although reproducibility of thigh baseline BF seems to be better compared with forearm BF, from analysis of the 95 % CIs this cannot be demonstrated. Based on these arguments, we believe that the choice of the thigh or forearm model depends on the question of interest and not on the reproducibility of the method itself, since the reproducibility of both methods is at least acceptable.
In the present study, reproducibility of the baseline and minimal VR of the calf and thigh was assessed for the first time, and an acceptable-to-good reproducibility was demonstrated. In contrast with a previous study [5] , no difference between forearm VR and forearm BF was found. In addition, since lower CVs and smaller 95 % CIs were found for VR measured with auscultatory MAP, the latter technique may be preferred over Finapres-determined MAP. However, this trend cannot be statistically validated in the present study. This small, but not significant, difference may be explained by the working mechanism of the Finapres. An important limitation of Finapres is the inability to assess absolute blood pressure levels [37, 38] . In the early reports on Finapres that demonstrated a good reproducibility even for absolute blood pressure values, Finapres was calibrated to an intra-arterial blood pressure signal [39, 40] . This calibration is rarely performed in later studies. In addition to the VR, we also assessed VC (vascular conductance). We were not able to demonstrate significant differences in the reproducibility of both parameters (results not shown). Therefore VR and VC can be used equally as reproducible methods to assess the vascular system. In addition, comparing the 95 % CIs, reproducibility of VR may be slightly better using auscultatory MAP than using Finapres MAP. However, both methods do not differ significantly and therefore both methods can be used to calculate VC or VR.
The 95 % CIs of the CVs for all sites overlapped. Nevertheless, the 95 % CI of the CV of the baseline forearm and calf BF was larger compared with thigh BF. This variation may be caused by several mechanisms. First, a change in sympathetic tone may cause a variation of baseline forearm BF. However, an equal heart rate between measurements and lack of correlation between heart rate and forearm BF (r = 0.03, P = 0.89) suggest that the sympathetic system did not have a major influence on BF. Secondly, differences in surface skin temperature and concomitant changes in skin BF may explain these results. Obviously, the ratio of skin/muscle in the forearm is different compared with the thigh, which makes the forearm more sensitive to the influence of temperature differences. In our experiment, forearm skin surface temperature was higher during the second test compared with the first test. However, no significant correlation between increase in skin temperature and increase in baseline forearm BF was found (r = − 0.29, P = 0.28). Therefore we suggest that variations in forearm skin temperature and skin BF changes only minimally influenced forearm baseline BF. Thirdly, variation in baseline forearm BF could be attributed to variations in the circulation of the hand. However, this circulatory bed was excluded by inflating a wrist cuff to suprasystolic pressure [31] . In conclusion, the variations in BF can only be attributed to variations in BF itself or in venous plethysmography assessment.
The short-and medium-term reproducibility of thigh PORH have not been studied previously. The present study shows that the reproducibility for this method is good, which implies that venous occlusion plethysmography is a suitable and accurate method to assess structural vascular function over a longer time period in the thigh vascular system. Short-term reproducibility of forearm PORH in the present study is comparable with previous studies [1, 2] . However, medium-term reproducibility of this frequently used method has not been investigated before. The present study demonstrates that the medium-term reproducibility of the maximal forearm BF is good and can be applied in future studies. For calf PORH, this study found a good short-and mediumterm reproducibility (6.1 % and 6.4 % respectively). Previous studies showed conflicting results regarding short-term reproducibility, ranging from a CV of 7.1 % [2] to 19.9 % [24] . The marked differences between our results and these previous studies may be explained by experimental conditions. First, in our experiment, positioning of the cuff, strain gauge and assessed limb were registered, repeated and controlled throughout the whole experiment [13] . Secondly, the same strain gauges were applied for each test and conditions during the test were kept constant. Thirdly, based on the physiological diurnal rhythm, all measurements were performed in the morning. Fourthly, because a relationship between smoking [41, 42] , food intake [43] and coffee [44, 45] and changes in basal BF and PORH has been proven, all subjects refrained from any food at least 9 h before the start of the experiment and did not drink coffee, tea or alcohol for 18 h before the test. All the aforementioned precautions have certainly added to the reproducibility levels achieved in the present study and are important to bear in mind for future studies.
Reproducibility of the post-ischaemic minimal VR was acceptable-to-good when VR was calculated with auscultatory MAP values. The use of Finapres MAP values resulted in a non-significant trend towards slightly higher CVs with concomitant larger 95 % CIs. PORH is regarded as the maximal dilating response of the peripheral vascular system and reflects a structural property, and is therefore minimally influenced by other regulating factors. This may explain the better reproducibility of PORH compared with baseline BF. We wondered if using the two highest BF values would improve further the reproducibility of PORH. However, using the two highest BF values, short-and medium-term CVs for forearm, calf and thigh did not improve significantly.
In conclusion, forearm, calf and thigh BF, VR and PORH measured by plethysmography have an acceptable-to-good short-and medium-term reproducibility. Short-and medium-term reproducibility of forearm and calf baseline BF are acceptable, and thigh baseline BF has a good short-and medium-term reproducibility. Therefore plethysmography is a suitable low-cost tool to assess thigh baseline BF and PORH and can be used in training or inactivation studies of leg muscles.
